Potential application of CNT in medical science is the essence of this research. Interaction of CNT and Li doped CNT with Aspirin as a drug was studied in gas phase and in aqueous solution. Aspirin anion and neutral Aspirin were considered in physiological media. Each species was first modeled by quantum mechanical calculations, and then their properties in aqueous solution were studied by applying Monte Carlo simulations. The results of density functional calculations in gas phase show that only Li doped CNT can interact with Aspirin. Computation of solvation free energies in water showed that solubility of the complexes of Aspirin species with Li doped CNT was larger than CNT. Enhancement of the solubility of CNT improves the medicinal applications of these materials. Calculation of complexation free energies indicated that only Li doped CNT produce the stable complex in aqueous solution. So CNTLi can be appropriate system as a possible effective drug transporter for Aspirin delivery.
Introduction
The well-defined shape and size of CNTs make them attractive candidates for applications in the biotechnological sciences [1-4] many theoretical and experimental studies have been done on various nanoscopic phenomena such as protection and confinement of molecular species as well as transport of molecules [5] [6] [7] . CNTs have recently become promising materials in various biological applications such as drug delivery [8] [9] [10] [11] , tumor therapy [12] , biosensors [13] , and templates for biomolecule assembly [14] .
The two limitations of CNTs usage in biological systems are their low solubility and toxicity. The applicability of CNTs in biological systems [15, 16] is critically related to their solubility in aqueous environments. CNTs themselves have a very low solubility in aqueous solutions that had been a major barrier for a variety of potential applications. On the other hand, non-functionalised CNTs are poorly soluble in water [17] . Different studies have shown that CNTs have toxic effects on biological systems [18] [19] [20] . Functionalization can decrease the toxicity of CNTs and improves their biocompatibility. Strategic approaches towards increasing the solubility of nanotubes have been developed mainly through the surface functionalization.
Functionalization using elemental metal can lead to improved solubility of nanotubes [21] . It has been experimentally shown that metal particles can be adsorbed onto CNTs [22] . Nanotubes can be doped with alkali metals [23, 24] and therefore can be considered as guest-host systems. Use of Li as the mostly used alkali metal in these processes is in situ Raman-studied in detail [25] . The activity of Li in the reactions with nucleophiles is more than other alkali metal due to the larger amount of z/r for Li. Moreover, the weight of Li doped NTs is less than the other alkali metal.
It was shown that CNT can be doped with Li to create LiC6 by chemical redox reactions [26, 27] . Quantum mechanical calculation of alkali metal doped carbon nanotubes have been indicated that these structures are stable [28] . The results of monte carlo simulation of metal doped CNTs indicated that alkali metal doping increase the dispersibility of CNTs in aqueous solution [29] .
Realizing the fact that metal functionalization can increase the reactivity of the exterior surface of CNTs, we feel that it is highly desirable to study of metal doped CNTs as Possible Carriers in Drug Delivery Systems. Aspirin will be used as a model drug in this research.
Acetylsalicylic acid (ASA), commonly known as Aspirin is a derivative of salicylic acid. Aspirin is a widely used drug. When Aspirin is placed in aqueous solution; it will be hydrolyzed to salicylic acid and acetic acid. Salicylic acid was thought to be too dangerous on the stomach. Components of aspirin are known to soften the cellular membranes by solubilizing the cell's surface proteins. Aspirin is used as an analgesic, antiinflammatory, antipyretic, anticoagulant and antirheumatic and non-steroidal anti-inflammatory drug [30] . It reduces fever by causing the blood vessels in the skin to dilate, allowing heat from the body to leave more rapidly.
We are interested in the interaction of CNTs and aspirin, since the results of loading drugs on to CNTs indicated that the rate of Aspirin released from the prepared CNT-Aspirin composites is slower compared with the commercialized Aspirin [31] . Therefore the CNTs-Aspirin complexe is suitable for slow release of drugs used in cancer therapy and anti platelet agent. A few experimental studies have performed on the interaction of CNT and aspirin and there is no research about metal doped CNTs. The use of CNT as a drug deliver is to musk the drug and makes it inactive, until it reaches the location of action. The transport of drug molecules to the target organ without the loss of its pharmaceutical and activity is the basic purpose of most drug delivery systems. The adsorption of the drug onto CNTs can improve the efficiency of drug transport and also reducing the toxic side effects of the drug.
In this study we investigate the interaction of CNT and Li doped CNT with Aspirin in gas phase and aqueous solution. Quantum mechanical calculations were used for estimating of the interaction energies in gas phase that in the next part followed by the Monte Carlo simulation of the structures in aqueous media. Biocompatibility of Li doped CNTs was then determined. Since CNTs are highly toxic, mainly due to their insolubility, it was verified the solubility of Li doped CNTs and ASA-Li doped CNTs in physiological media. Perturbation methods were used to calculate solvation free energies and compare the solubility of the complexes. In addition, complexation free energies of CNT-Aspirin complexes were computed to compare the stability of the structures. The validation of our theoretical model is confirmed with experimental results for CNT-drug interactions.
Computational details
The usage of CNT as a drug delivery system is dependent upon the ability to transport drugs while remaining soluble in a biological system. Therefore, the interactions of Aspirin and CNT in aqueous media were the aim of this research. Then the binding energies and solubility of the structures were studied. The research comprised two sections: quantum mechanics and Monte Carlo simulation.
In the quantum mechanical part, isolated molecules were optimized. The stability of the structures was studied by quantum mechanical calculations. Each species was optimized by the DFT/B3LYP method using the 6-31 G* [32, 33] basis set. Vibrational frequency analyses were done to all optimized geometries to confirm that the structures were in the minimum of potential energy surface. The length of the tube has been chosen constant (equal to 0.86 nm) which corresponds to five layers of carbon ring hexagons along the tube axis. Then interactions of drug with the central ring were studied. In all calculations, nanotubes were capped with hydrogen atoms. All structural optimization were performed by using the GAMESS-US quantum chemistry package [34] .
To compare of CNT with metal doped CNT for the use in drug delivery system, the interaction of CNT and also Li doped CNT with Aspirin and Aspirin anion were studied.
Aspirin structure was presented in Fig. 1 . In the subsequent simulation step, these geometries and quantum mechanical charges were applied.
F o u r p o s s i b l e i n t e r a c t i o n s w e r e s t u d i e d : interactions of CNT and
It was applied Monte Carlo simulation for dilute solutions of nanotubes and drug in water. The monomers were represented by interaction sites usually located on nuclei. The interaction energy between two molecules was expressed by pair wise sum of interaction contributions. The Transferable Intermolecular Potential function (TIP3) [35, 36] was applied for modeling water molecules, and standard Lennard-Jones (LJ) potential to present the short range potential and a long range Columbic potential, with parameters ε, σ and q for each atoms in nanotubes. For both models, the pair potential function E ij was represented by Coulombic and Lennard-Jones terms between sites centered on nuclei:
(1)
The Lennard-Jones parameters between pairs of different atoms are obtained from the LorentzBerthelodt combination rules. Appropriate LennardJones parameters for Carbon [37] , Li [38] and atom types in Aspirin [39, 40] have been used in the calculations. These parameters are given in Table 1 .
In all separate MC simulations performed here, a standard manner the Metropolis sampling technique [41] in canonical (T, V, N) ensemble was used. All calculations were performed in a cubic box at the experimental density of water, 0.993 g/cm 3 at 37 °C [42] . The optimum edges of the box were 5 nm, which corresponds to almost 4000 H 2 O molecules of pure solvent. The symmetry center of the nanotube was in the geometrical center of the cell. An acceptance rate of 50% for new configurations was achieved by using suitable ranges for translations and rotation about a randomly chosen axis. Periodic boundary conditions were employed in computation. The system was thoroughly equilibrated using several hundred thousand configurations.
To calculate the solvation free energies of molecules, the thermodynamic perturbation method was applied in these computations. Appropriate steps were taken to obtain the most accurate results possible with a molecular mechanical based approach. The Zwanzig equation [43] was used to evaluate free energy changes:
In this equation, A and B indicate the reference and the perturbed states, and the symbol 〈 〉 A indicates that sampling has been carried out in the reference state.
The solvation free energy (ΔG sol (A)) is defined as the free energy of transfer of one mole of solute (A) from an ideal gas state to an infinitely dilute solution. This free energy of transfer is the difference between the free energies of A in the two phases.
Results and discussions
In current research, we studied the interaction of Aspirin with CNT and Li doped CNT. Carboxyl group of aspirin and aspirin anion were considered to interact with CNT and Li doped CNT. The binding energies (E b ) are defined as the energy difference between the energy summation of two individually optimized monomers and the fully optimized complexes. The E b is defined as following:
where E D is the energy of an isolated drug (Aspirin or Aspirin anion), E CNT is the total energy of CNT (or Li doped CNT) in the absence of the adsorbed species, E CNT-D is the energy of Aspirin and CNT complex, and BSSE is basis set superposition error correction [44] . By definition, E b < 0 in Eq. (3) corresponds to a stable complex of drug and CNT.
Their energetic properties are shown in These results were obtained in gas phase. But we interested in the interaction of CNT with drug in physiological solution. Therefore in the next stage, these interactions were studied in aqueous solution. For this purpose, the solvation of Aspirin, CNT and their complexes were studied in the presence of water. Then free energies of complex formation were obtained to study the possibility of the interactions in aqueous solution.
The process of solvation of one molecule in water can be defined as transferring it from gas phase to aqueous solution. One molecule of solute was merged in water and average energies were calculated from Monte Carlo simulations.
Total energies which were calculated by Monte Carlo simulations are given in Table 3 . This table also includes the number of solvent molecules (N H 2 O ) in the cubic box, the energy contributions from solute_ solvent interaction energy (E soln ) and Electrostatic and van der Waals contributions in E soln .
The results indicated that the absolute total energies of CNT were less than complexes of CNT and Aspirin. The absolute energy of CNT-ASA -in water is larger than CNT-ASA and absolute energy of CNTLi-ASA -in water is larger than CNTLi-ASA. Moreover, the absolute total energy of the complexes of CNTLi and Aspirin in water is larger than CNT and Aspirin.
The presence of electrostatic charges and adsorption of various molecules on the surface brings in large changes in the properties of the CNT structure. Intermolecular interactions (including van der Waals and electrostatic interactions) have important contribution in total energy and the atomic charges affect on the electrostatic term of total energy. Quantum mechanical calculations indicated that the atoms in CNT-Aspirin complexes carry partial charges due to the interaction of Aspirin with CNT. For better evaluation, electrostatic and van der Waals contributions of potential energy of the systems were also computed. As can be seen in Table 3 , in CNTAspirin complexes, electrostatic contribution of the solute-water interaction energy is larger than van der Waals contribution due to the partial atomic charges in the complexes. Pure CNT have no atomic charge and van der Waals term has dominate contribution in solvation. Therefore E soln and total energy of the complexes must be larger than Pure CNT. All of the Aspirin complexes have approximately the same van der Waals contribution in total energy. Therefore the differences of total energy in solvent are related to the electrostatic contribution due to the atomic charges. Among CNT-Aspirin complexes, electrostatic contribution of the solute-water interaction energy for CNT-ASA -(-9.05 kcal mol ). Between CNT and CNTLi complexes, total energy of CNTLi complexes in solution is larger than CNT complexes due to the greater electrostatic interactions between CNTLi-Aspirin complexes and water. Of course the total energy of CNTLi in water is larger than CNTLi-Aspirin complexes. It is attributed to the charge distribution of Li and Aspirin in complexes.
To study of the drug effect in the intermolecular interaction of CNT and solvent, the drug contribution in the solute-solvent interaction energy was also reported in Table 3 respectively. These results indicated that Aspirin anion is more effective form of Aspirin for increasing the intermolecular interaction with water. So it is predicted that CNTLi-ASA -must be have the largest solubility in water.
To confirm these consequences and to evaluate the solubility of the CNTs, we need to estimate the solvation free energies of the structures. Therefore solvation free energies of the CNTs were calculated in the next step. Solvation free energy calculations for each of the solutes (CNT, CNT-Aspirin complexes and CNTLiAspirin complexes) were carried out. To model the solvation of CNT and its complexes, a simulation was performed on the system with the solute fully represented and then it's electrostatic and van der Waals parameters decreased to zero. The computed solvation free energies, ∆G sol , are presented in Table  4 . It could be seen in Table 4 ; CNT had the smaller solvation free energy than complexes. Computed solvation free energies indicated that complex formation with Aspirin increase the solvation of CNT in water. The solvation of CNT increases significantly by the interaction with Aspirin. In fact, after interaction of drug with CNT, solvation free energy increases from has the large contribution in increasing of the solvation of CNT. This is related to the larger electrostatic contribution and also larger intermolecular interactions between solute-solvent molecules.
For the CNTLi, interactions with Aspirin decrease the solvation free energies. According to the calculated electrostatic contribution of total energy (showed in Table 3 ), CNTLiASA and CNTLiASA -have smaller electrostatic interactions with solvent. Therefore solvation of CNTLi is naturally greater than its complexes. Besides, we considered three Aspirin species: Aspirin, CNT-Aspirin and CNTLi-Aspirin. Solvation free energy of CNTLi-Aspirin is larger than CNT-Aspirin and Aspirin itself. Consequently, among these possible Aspirin structures, CNTLi-Aspirin is the most effective form for producing the best soluble drug-CNT species in aqueous solution.
We also computed complexation free energies (∆G r ) in aqueous solutions. For this purpose, we need these solvation free energies: solvation free energy of Aspirin species, CNT, CNTLi, CNT-Aspirin complexes and CNTLi-Aspirin complexes. The results are shown in Table 4 . It can be seen that the complexation free energies of CNT-Aspirin complexes are positive. So it is concluded that nonfunctionalized CNT cannot interact with Aspirin in Aqueous media. This conclusion is compatible with experimental result of the interaction of multi-walled CNT with Aspirin [27] . Drugs have been only adsorbed onto the functionalized CNT. Yusof et al. have modified Surface structure of CNT using basic functionalization techniques namely oxidation with concentrated acid to generate functionalized multi-walled CNT. Then loading of drug onto the functionalized CNT could be performed. The quantitative determination of aspirin adsorbed onto the functionalized CNT has been done by fluorescence spectrometry. The results indicated that the aspirin molecules may be bonded with the carboxylic functional groups on the surface of nanotubes.
Our study indicated that only CNTLi can interact with ASA and ASA -with the complexation free energies of -50.831 and -45.809 kcal mol -1 respectively.
Therefore CNTLi is a suitable compound to transport Aspirin in aqueous media. This consequence seems to be compatible with the gas phase result.
Conclusions
Due to the potential applications of CNTs in drug delivery and medical science, the study of the interaction of Aspirin with CNT and CNTLi in gas phase and aqueous solution was the aim of this research.
Two parts of this research were focused on quantum mechanical calculation and Monte Carlo simulation. In quantum mechanical part, binding energies of Aspirin species with CNT and CNTLi were calculated in gas phase. Two possible form of Aspirin were considered: Aspirin anion and neutral Aspirin. The calculations showed that only CNTLi can bind to Aspirin effectively and, Aspirin anion has the most interaction energy.
In Monte Carlo section, solvation free energies of the complexes were estimated by free energy perturbation method. The computations showed that the solvation of CNTLi-Aspirin complexes in water was larger than CNT-Aspirin.
Computed complexation free energies of these complexes in physiological media indicated that CNTLi-Aspirin complexes had negative complexation free energy, therefore it is stable compound in water .
Consequently, CNTLi can effectively interact with Aspirin species. CNTLi display low toxicity due to the better solubility in aqueous media. In fact CNTLi can be adsorbed Aspirin as a drug, and can be used to deliver it to cells. 
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